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Introduction
Maize quality is determined by the combined effect of cel-
lular structure and physical and biochemical properties of 
components within grain (1). Variations in maize quality oc-
cur because of various estimable and inestimable factors, in-
cluding environment, cultural practice, genetics, growing and 
postharvesting conditions, kernel chemical composition, and 
so forth (2-8).
Physical measurements used to characterize maize hard-
ness measure biochemical and anatomical characteristics that 
determine end-use properties (4, 6, 9, 10). Harder maize ker-
nels exhibit improved performance as compared to softer 
maize kernels during storage, handling, transportation, alka-
line cooking, and dry-milling, whereas softer kernels perform 
better in wet-milling (11-13). A variety of physical, spectro-
scopic, and biochemical techniques developed over the past 
several decades better define maize quality and hardness in 
faster, simpler, and more reliable ways. Although such tech-
niques are used to evaluate quality and hardness-associated 
properties, correlations between quality properties and end-
use processing performance vary from laboratory to labora-
tory (6, 14-16).
A classification and segregation of maize kernels best 
suited for particular end-use processing, such as dry- and wet-
milling and alkaline processing, might maximize grain values 
for producers, marketers, and processors; however, little stan-
dardization and instruction for physical and analytical tests 
seem to limit the development of a standardized set of criteria 
to classify and segregate grain having different intrinsic end-
use values.
This study enabled us to compare collaborators’ measure-
ments of maize quality and end-use processing properties, 
providing information about the variance structure of grain 
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Abstract
A corroborative study was conducted on the maize quality properties of test weight, pycnometer density, tangential 
abrasive dehulling device (TADD), time-to-grind on the Stenvert hardness tester (SHT), 100-kernel weight, kernel size 
distribution, and proximate composition as well as maize dry- and wet-millability by six participating laboratories. Sug-
gested operating procedures were given to compare their measurements and provide the variance structure within 
and between laboratories and hybrids. Partial correlation coefficient among maize quality properties varied among 
laboratories. The repeatability and reproducibility precision values were acceptably low for the physical quality tests, 
except for TADD and SHT time-to-grind measurements. The yields of dry- and wet-milled products and their correla-
tion with maize quality properties were dependent on the collaborating laboratory. This paper highlights the impor-
tance of laboratory variation when considering which maize hybrids are best suited for dry-milling and wet-milling.
Keywords: maize quality property, variation, outlier, repeatability, reproducibility, dry-milling, wet-milling
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properties within and between laboratories and hybrids. Fur-
thermore, the study will assist in establishing universal stan-
dard testing procedures and in correctly interpreting data, 
thereby supporting future researchers and industry partners.
Materials and Methods
Maize Samples. Forty maize hybrid samples for maize, repre-
senting a range of physical, compositional, and processing prop-
erties, were selected from more than 500 maize hybrids of a broad 
genetic background and known pedigree planted at different lo-
cations in Illinois, Indiana, Iowa, Kansas, Missouri, and Nebraska 
during 2003 and 2004. This set of genetically and environmentally 
diverse maize hybrids was used in another study establishing the 
relationship between maize quality properties and end-use pro-
cessing (17). To further reduce the number of maize samples for 
this study, four clusters consisting of hybrids with analogous com-
positional and physical properties were created using multivar-
iate statistical techniques on the basis of physical properties (test 
weight, kernel distribution, time-to-grind on Stenvert hardness tes-
ter (SHT), tangential abrasive dehulling device (TADD), pycnom-
eter density, and 100-kernel weight) and near-infrared reflectance 
(NIR) or near-infrared transmittance (NIT) proximate composition 
(protein, oil, and starch contents) (18). Considering growing loca-
tion of maize hybrids within a cluster, two or three hybrids were 
selected from each cluster, making 11 total samples. The samples 
were cleaned with the MCI Kicker dockage tester (Mid-Continent 
Industries, Inc., Newton, KS) to minimize the influence of foreign 
materials and broken kernels on the measurements.
Sample Preparation and Distribution. Each maize hybrid stored 
in a cold room (4 °C) was thoroughly mixed and quartered twice, 
placed into airtight plastic bags, and distributed to participants. 
Each hybrid sample was blind-duplicated and randomly coded. 
Upon receiving samples, the coordinator of each laboratory was re-
quested to store their samples at approximately 4 °C until analyzed, 
minimizing compositional and grain quality changes.
Corroborative Study. The corroborative study was carried out 
by six participating university and industry laboratories according 
to collaborative study guidelines (19, 20) with slight modification. 
Eleven blind-duplicated maize hybrid samples were sent to each 
laboratory with suggested standard operating procedures. Con-
trary to other collaborative studies, most participants in the present 
study were already familiar with current maize quality tests as well 
as processing tests; however, at an initial stage, collaborators were 
sent three samples to judge whether the study could proceed.
Compositional and Physical Properties. Test Weight. Test 
weight (kg/hl) was measured according to the United States De-
partment of Agriculture’s (USDA’s) Federal Grain Inspection Ser-
vice’s Protocol (21). Prior to the determination, sample equilibra-
tion to the desired moisture content (about 15%) was advised for 
collaborators.
Pycnometer Density (Kernel Density). A standard operating pro-
cedure for pycnometer density (g/cm3) determination as out-
lined by Pomeranz et al. (3) is based on the displacement of he-
lium gas. Pycnometers used in the study were manufactured by 
Quantachrome Instruments (Boynton Beach, FL) and Beckman In-
struments (Fullerton, CA). In air-comparison pycnometer density, 
kernel density is determined by measuring the weight of a given 
volume of sound kernels.
Tangential Abrasive Dehulling Device (TADD). The TADD (Ven-
ables Machine Works LTD, Saskatoon, Saskatchewan, Canada) in-
dex was computed as the percentage of remaining kernel weight 
after abrasion of a 40-g maize sample for 10 min while the abraded 
material was simultaneously suctioned off using the vacuum aspi-
rating device (22).
Time-to-grind using a Stenvert Hardness Tester. The time (sec) re-
quired to grind 20 g of a maize sample by the Stenvert microham-
mermill test (Glenmills Model V with a 2-mm screen) run at a no-
load speed of 3,600 rpm with the supplied tachometer (Ika-Tron 
DZM 1, Janke and Kunkel GmbH and Co. KG-IKA-Labortechnik, 
Staufen, Germany) was measured as described by Pomeranz et 
al. (4).
100-Kernel Weight. For 100-kernel weight (g), moisture content 
was determined as a first step by approved method 44–15A (23). 
A 200 g sample of sound maize kernels was placed in a vibratory 
kernel counter to collect 100 kernels. In some laboratories, ran-
domly selected 100 intact kernels were used for the determination 
of 100-kernel weight. The 100-kernel weight was adjusted to 15% 
moisture content using equations.
Kernel Size Distribution.  Kernel size distribution was expressed 
as the percentage of the maize sample over a grain dockage sieve 
with 7.94 mm (20/64”) diameter round holes for a 250 g sample.
NIR/NIT Proximate Composition. Proximate composition (oil, 
protein, starch, and moisture contents) was estimated by using 
different NIR or NIT models (Infratec Model 1229, Foss Tecator, 
Hoganas, Sweden; Grainspec, Multispec Ltd., Wheldrake, NY; In-
fratec 1241 Grain Analyzer, Foss Tecator, Eden Prairie, MN) that 
were calibrated against wet chemical methods. All values were 
reported as dry (db) or wet (wb) basis percentages. The reported 
values from participating laboratories were uniformly adjusted to 
15% moisture basis. A copy of the calibration curve was not re-
quested from collaborators for the final evaluation of the data be-
cause some of the collaborators were disinclined to circulate it.
Processing Test Procedures. Dry-milling. For the corroborative 
study on dry-milling characteristics, a total of 22 maize samples 
(11 blind-duplicated maize hybrids) were sent to two laboratories 
that were using different milling procedures.
In Laboratory 1, 1000 g of maize was tempered to increase mois-
ture from 15 to 23.5% wb for 18 min at room temperature. Tem-
pered samples were degerminated using a horizontal drum de-
germer. Thereafter, the degermed maize was conditioned in a 
convection oven at 49 °C for 2 h. All stocks produced by dry-mill-
ing were screened for 1.5 min with a box sifter (Model 130–11, Great 
Western Mfg., Leavenworth, KS). The degermer stock was screened 
with a 5-mesh sieve (4.0 mm openings) after conditioning. The frac-
tion remaining over and passing through the sieve was fractionated 
using a small roller mill (Allis Chalmers, Appelton, WI), followed 
by a 10-mesh screen (1.68-mm openings). The 10-mesh screen overs 
and thrus from +5 and −5 milling streams were separated into dif-
ferent dry-milled fractions via a 24-mesh screen (0.707-mm open-
ings) and a small aspirator (Model 6DT4, Kice Metal Products, 
Wichita, KS) as outlined by Singh et al. (24). Product yields were ex-
pressed as a proportion of the original sample (g/100 g db).
In a laboratory dry-milling procedure used by Laboratory 2, a 
cleaned 1000 g sample was tempered to 16% moisture for 30 min 
and was second-tempered to 18% moisture for 15 min. The tem-
pered sample was milled using Allis Chalmers experimental roll 
stands yielding low-fat grits. The dry-milling procedure used 
in this laboratory was based on the design of Lee et al. (17). The 
product yields were expressed as percentages of the total dry-
milled fractions.
Differences between the two dry-milling procedures were no-
ticed in several processing steps, dry-milled fractions, and their 
compositions. Laboratory 1 used a short and single-stage temper-
ing step to produce large grits, small grits, fines, germ, and peri-
carp fractions. Meanwhile, Laboratory 2 used a two-stage and 
lower moisture tempering to separate a kernel into large grits, 
small grits, meal, cones, flour, and feed fractions. Germ fractions 
were released under higher moisture tempering with a drum de-
germinator in Laboratory 1, whereas the dry-milling procedure in 
Laboratory 2 degerminated corn without using a degerminator. 
According to previous works, fat content of grit fractions was a 
little higher (>1.0%) in Laboratory 1 than in Laboratory 2 (<1.0%). 
Low reproducibility standard deviations (1–2%) of the dry-milling 
procedure have been reported from both laboratories.
Wet-milling. Three laboratories participated in the corrobo-
rative study on wet-milling characteristics. Wet-milling proce-
dures used in the present study appeared to have been developed 
and modified from the same or similar procedures published 
previously.
The 100 g laboratory wet-milling procedure developed by Eck-
hoff et al. (25) was used in Laboratory 1. In this wet-milling proce-
dure, the drained maize after steeping was ground with a blender 
equipped with a blunt blade to recover germ and coarse fiber on 
a 7-mesh sieve (2.80 mm openings). For the recovery of fine fiber, 
the slurry passing through the sieve was reground, transferred, 
and washed on a 200-mesh sieve (0.075 mm openings). The starch 
was separated from the gluten fraction using starch tables at the 
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pumping rate of 50–52 mL/min after adjusting the specific gravity 
of the starch−gluten containing slurry to 1.040–1.045. The gluten 
fraction was recovered using a vacuum filter and air-oven drying. 
This collaborating laboratory reported product yields expressed 
as percentages of the original sample dry weights on a dry basis.
In Laboratory 2, 150 g of maize sample was batch-steeped in 
a steep solution containing 0.15% sulfur dioxide (SO2) and 0.47% 
lactic acid at 52 °C for 48 h. The drained grains were coarsely 
ground in distilled water with a Waring type blender (War-
ing Product Division, New Hartford, CT) equipped with a blunt 
blade. Floating germs on the slurry surface were removed us-
ing a 16-mesh sieve (1.18 mm openings). The degermed slurry 
and germ wash water were finely ground in a blender jar with 
reversed blades. The slurry was transferred into 40-mesh sieve 
(0.425 mm openings) and 230-mesh sieve (0.063 mm openings) 
screens and spray-washed to separate bran and fines, respectively. 
The remaining starch−protein slurry was collected and allowed 
to settle overnight. The slurry was decanted and adjusted to 8° 
Baume. The adjusted slurry was pumped at a rate of 150 mL/min 
onto a prewetted 15.36 cm × 3.05 m aluminum trough set at 0.75% 
slope. The recovered starch was washed with decanted superna-
tant and then rinsed with distilled water. The starch was air-dried 
for at least 1 h, followed by oven-drying overnight. The yields of 
all wet-milled products were determined on a dry basis. Other de-
tails of this procedure were outlined by Wehling et al (26).
In Laboratory 3, 100 g of maize was placed in a steep solution 
containing 0.2% SO2 and 0.5% lactic acid in a water bath set at 50 
°C for 40 h. The steeped maize was strained on a 7-mesh sieve 
(2.80 mm openings). The steep solids were recovered by drying 
the entire steep water. The steeped maize was ground with wa-
ter in a Waring blender equipped with blunt blades. The coarsely 
ground slurry was transferred into a 7-mesh sieve (2.8 mm open-
ings) and dispersed with a spatula to strain the slurry. The sieve 
containing the strained germ and coarse fiber fraction was placed 
on a bucket containing water in a sieve shaker and was washed 
with water. The strained germ and coarse fiber fraction was dried 
directly on the sieve in a forced-air oven and was separated by a 
Carter−Day Aspirator (Carter Day International, Inc., Minneap-
olis, MN). The combined wash water and the degermed slurry 
were finely ground in a Waring blender. The coarse fiber fraction 
retained on a 50-mesh sieve (0.30 mm openings) was removed. 
The washed coarse fiber fraction scraped off the sieve was dried 
in a forced-air oven. The underflow containing fine fiber and mill 
starch was transferred into a 200-mesh sieve (0.075 mm open-
ings) placed over a snugly fitted bucket. The same straining and 
washing procedures for the coarse fiber fraction were carried 
out for the fine fiber. The recovered fine fiber fraction was dried 
in a forced-air oven. The specific gravity of the millstarch slurry 
was adjusted to 1.04 with decant water. The adjusted slurry was 
pumped at a rate of 50 mL/min onto an aluminum starch table 
(4.48 cm × 2.44 m) set at a 0.6° pitch. The overflow containing the 
gluten and other impurities was collected at the distal end of the 
starch table. After pumping of the millstarch slurry was com-
pleted, the decant water was pumped onto the table at a rate of 50 
mL/min to rinse the starch fraction. The starch then settled on the 
table and was rinsed with water to remove any protein particles 
remaining on the surface of the starch. The collected gluten frac-
tion was dried in a forced-air oven. The starch was dried on the ta-
ble overnight. On the following day, the partially dried starch was 
scraped from the table and dried in a forced-air oven to determine 
the starch dry weight.
The laboratory wet-milling procedures used by three collabo-
rating laboratories involved differences in sample size, volumes 
of collected slurries, operating steps, material flow, and equip-
ment, consequently influencing the milling quantity and quality 
of maize. In the steeping step, all laboratories used similar con-
centrations of SO2 and lactic acid concentration and similar tem-
perature of steeping solution, but longer steeping time was used 
in Laboratory 2. All laboratory procedures applied a Warning 
type blender for the first grind of the steeped maize, but the de-
germed slurry was ground with a plate mill (Laboratory 1) or a 
blender (Laboratory 2 and Laboratory 3). In the procedures used 
by Laboratory 1 and Laboratory 3, the fiber fraction separated into 
coarse and fine fiber was recovered via extensive washing and 
screening on the 7-, 50-, and 200-mesh sieves, whereas Labora-
tory 2 collected bran fraction with the 40- and 230-mesh sieves af-
ter the second grind. All laboratories used aluminum starch tables 
for starch−gluten separation, but the procedures differed in mill-
starch flow rate and the table size and pitch.
Statistical Analysis. Duplicate data of a maize hybrid within 
each laboratory were averaged. This average value representing 
the laboratory was subsequently assigned to a specific rank ac-
cording to the Youden ranking test (19). With each test, all rank-
ing scores of an individual laboratory were summed. The sum 
of a laboratory was examined by the allowable limits for ranking 
scores to determine the laboratories with extreme scores.
Apart from the Youden ranking test, Cochran repeatability and 
Grubb reproducibility tests were applied to the raw data to deter-
mine outliers. Cochran’s repeatability test was applied to the raw 
data to detect laboratories with extreme individual values among 
a set of replicate data. Laboratories with extreme mean values 
were also identified by applying single and pair Grubbs repro-
ducibility tests. Outliers from Cochran and Grubb tests were com-
pared to those from the Youden ranking tests.
Analysis of variance of a corroborative study data was per-
formed on each test as described in Youden and Steiner (19) to de-
termine repeatability (sr, pooled standard deviation within labo-
ratories), reproducibility (sR, pooled standard deviation within 
and between laboratories), repeatability relative standard devia-
tion (RSDr, coefficient of variation within laboratories), and repro-
ducibility relative standard deviation (RSDR, coefficient of varia-
tion within and between laboratories).
The mean difference of dry- and wet-milled product yields 
among hybrids, laboratories, and clusters was determined using 
least significant differences (LSD) at α = 0.05. All statistical analy-
ses were conducted using SAS software (27).
Results and Discussion
Comparison of Compositional and Physical proper-
ties.  Means of compositional and physical properties aver-
aged over six collaborating laboratories are presented in Ta-
ble 1. Most of these properties appeared to differ significantly 
among maize hybrids, as demonstrated in previous studies 
(2, 3, 6, 7, 9, 28-32). With the hybrid effect on maize quality, 
changes in maize quality properties are highly influenced by 
environmental effects and growing and postharvesting con-
ditions. This includes plant location (6), whose effect was ob-
served in two hybrids (Garst 8454 and Trisler T-5244) in this 
study, drying air temperature (30, 33), growing season (2), cul-
tural practice (7), and insect and fungus damage (34). Means 
and range values for compositional and physical properties 
also varied from laboratory to laboratory (Table 2). For exam-
ple, Laboratory 6 showed a wider range of test weights (65.6–
80.7 kg/hl) than other laboratories. In spite of the use of the 
same maize hybrids for the evaluation of maize quality prop-
erties, significantly different values among laboratories re-
gardless of the properties indicate the presence of non-negli-
gible variation between laboratories. The quality properties 
tested in the present study have been long understood as eas-
ily measurable and important factors to predict and describe 
the end-use quality (1, 3-5, 31); however, as observed in this 
corroborative study, all methods are unlikely to give consis-
tent results for every laboratory and to be practical for the use 
in the grain industry (6).
Partial correlation coefficients among compositional and 
physical properties averaged across laboratories are given 
in Table 3. Generally, the correlation coefficients among the 
properties were not high and insignificant, which may be at-
tributed to the diversity of maize hybrids and disagreement of 
determinations on the same sample between laboratories. In 
addition to the variation due to hybrid and laboratory differ-
ence, factors such as kernel size and shape, moisture, and heat 
treatment, which should be carefully considered prior to the 
evaluation and the interpretation of these properties (3, 31), 
might have influenced the results to some extent.
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Correlations between compositional and physical proper-
ties for an individual laboratory show how laboratories testing 
identical samples can substantially differ from each other (Ta-
ble 4). As would be expected, correlation coefficients among 
the properties within an individual laboratory were higher 
than those averaged across laboratories and less often vice 
versa, indicating that unsatisfactory correlation coefficients of 
the averaged values might be ascribed to deviant values from 
one or two of the collaborating laboratories and large variation 
between laboratories.
Repeatability and Reproducibility of Compositional and 
Physical Properties. The sources of errors were studied using 
procedures described in Youden and Steiner (19) (Table 5). Re-
sults were treated with Cochran repeatability and Grubb re-
producibility tests to identify outliers. No outliers were iden-
tified for pycnometer density, kernel size distribution, and oil 
content using these techniques; however, the Cochran repeat-
ability test did identify GH H-9148 (in moisture and starch 
content) and DKC 60–19 (in test weight) from Laboratory 1, 
GH H-9148 (in TADD and time-to-grind), Garst 8454_NE (in 
moisture, test weight, and protein content), Merschman M-
301B (in TADD), LG 2619 (in 100-kernel weight), Cornbelt 
C578 (in test weight), and Garst 8454_KS (in starch content) 
from Laboratory 3, and Pioneer 36B08 (in moisture content) 
and LG 2619 (in time-to-grind) from Laboratory 6. The only 
outliers identified by Grubb reproducibility tests were two hy-
brids evaluated in Laboratory 3: Merschman M-301B (in starch 
content) and Garst 8454_KS (in 100-kernel weight and starch 
content). These results indicate that Laboratory 3 operated 
with less precision or experience, and, to a lesser extent, a sim-
ilar observation could be extended to Laboratories 1 and 6.
A two-factor analysis of variance on pooled data (Table 6) 
as described in Youden and Steiner (19) showed significant dif-
ferences among hybrids and laboratories and significant labo-
ratory × hybrid interaction for all compositional and physical 
properties. The significance of the hybrid effect for the prop-
erties was stronger than that of the laboratory effect except for 
TADD, time-to-grind, oil content, and starch content. In TADD 
and time-to-grind properties, for which only three laboratories 
participated, however, the variation for the laboratory compo-
nent was much larger than that for the hybrid component. The 
modest and low reproducibility, as measured by the F-values 
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for the laboratory effect, may partially explain the differences 
in the results of the maize quality properties and millability 
among scientific literatures cited in the present study.
The analysis of variance (ANOVA) results were used to de-
termine the repeatability and reproducibility of each property 
with and without outliers removed. The repeatability preci-
sion values for compositional and physical properties in Table 
5 were mostly acceptable, indicating good agreement of repli-
cates on the same hybrid in the same laboratory. After discard-
ing outliers, RSDr ranged from 0.38 to 4.56%, and RSDR ranged 
from 1.06 to 11.38, except for TADD and time-to-grind. The re-
producibility precision values are typically greater than the re-
peatability precision values (19). In this corroborative study, 
the ratios of reproducibility to repeatability precision values 
were greater than 3 in most properties after removing outli-
ers, which reflects the differences among laboratories. The lab-
oratory variation is likely attributable to differences in oper-
ator, instrumentation, and laboratory environment. A slightly 
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higher repeatability and reproducibility standard deviation 
values of proximate content determined by NIR or NIT in this 
study compared with those reported in previous works are 
thought to be due to the use of the different calibration and the 
instrument models (35). The acceptably low repeatability and 
reproducibility standard deviation values obtained from this 
study are likely to ensure that operating procedures currently 
used in grain quality laboratories are mostly reliable and con-
sistent enough for use as a routine test.
According to the Youden ranking test (19), in which a lab-
oratory with the largest result is assigned as rank 1 and the 
same result between laboratories for xth rank is given the 
rank x ± 0.5 for each laboratory, all laboratories were within 
the allowable score limits only in test weight and starch con-
tent (Table 7); however, despite a relatively simple procedure 
of 100-kernel weight, Laboratory 3, with consistently low re-
sults, and Laboratory 5, with consistently high results, were 
detected as outliers among laboratories, suggesting review of 
their procedures, techniques, and instrumentation is neces-
sary, as compared to those of other collaborating laboratories. 
For a pycnometer density test, Laboratories 4 and 6 presented 
rather consistent positions relative to other laboratories. As 
anticipated, the results for TADD and time-to-grind were not 
satisfactory in this ranking test. The results from the Youden 
ranking tests indicate that laboratories with consistently ex-
treme results should carefully search for the source of sys-
temic error and review the interpretation of the results from 
the same procedure and equipment used in this study and, if 
necessary, revise the test procedures.
Evaluation of Compositional and Physical Properties. The 
moisture content determined on the same sample was signifi-
cantly different among laboratories in the present study (Tables 
5 and 7). As a result, the determinations of physical properties 
were reported on an ‘as is’ basis without moisture adjustment. 
The accurate determination of moisture content is important in 
terms of economic, quality, and analytical aspects (36, 37). Most 
grain quality properties (kernel weight and volume, density, 
stress crack, and breakage susceptibility) and chemical compo-
sitions are affected by moisture content (1, 6, 31, 38-41).
Test weight has been an important and useful quality prop-
erty in determining maize grades and selling price (1, 40), al-
though it is a poor indicator of maize quality for processing 
and milled products (6, 31, 42). All maize hybrids used in the 
present study had test weights greater than U.S. Grade No. 
2 (69.50 kg/hl) (43). Improved accuracy in determining test 
weight needs to consider many factors, such as void volume, 
packing, kernel size and shape, moisture content, mechanical 
and heat treatment, percentage of broken kernel and foreign 
materials, variety difference, contamination of microorganism, 
and kernel hardness (5, 9, 16, 28, 34, 38, 40, 44-46). In the pres-
ent study, the hybrid effect on test weight was more signifi-
cant than the laboratory effect (Table 6), suggesting a relatively 
good agreement between laboratories because of its simplicity 
and log use as an indicator of maize quality. Test weight (bulk 
density) was significantly correlated with pycnometer density 
(kernel density) (r = 0.520, p < 0.01) (Table 3), which is consis-
tent with previous works (14, 40).
Pycnometer density is an indirect measurement of the per-
centage of vitreous endosperm (9) and maize hardness (3). In 
the present study, pycnometer density was significantly and 
positively correlated with TADD (r = 0.613, p < 0.01) and time-
to-grind (r = 0.490, p < 0.01) (Table 3). Pycnometer density in-
creases with maturity because of the accumulation of the dry 
matter (8) and decreases with increasing plant density (7) and 
drying temperature (9). Pycnometer density decreased with in-
creased moisture content (r = −0.328, p < 0.01). This has been at-
tributed to the decreased ratio of weight loss to volume increase 
with increased moisture content (31). Pycnometer density was 
a more reproducible property than other quality properties as 
has been mentioned in previous studies (10, 47). This was sup-
ported by our result that pycnometer density had the lowest rel-
ative standard deviations for repeatability and reproducibility 
among the other property determinations (Table 5).
One-hundred kernel weight was negatively correlated with 
test weight and pycnometer density, but positively correlated 
with kernel size distribution (Tables 3 and 4). This indicated 
that 100-kernel weight is affected to some extent by both the 
sizes and densities of the kernels (2, 44). Kernel size is a factor 
that has been related to maize quality properties, such as test 
weight, chemical composition, maize hardness, and the germ−
endosperm ratio, which are associated with endosperm tex-
ture and milled product yields (6, 48).
Time-to-grind in SHT was significantly correlated with pyc-
nometer density (r = 0.490, p < 0.01) and TADD (r = 0.706, p < 
0.01) (Table 3); however, significance between such measure-
ments was rarely found within a laboratory (Table 4). This re-
sult is likely explained by the highest relative standard devia-
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tions for repeatability and reproducibility for time-to-grind 
among maize quality tests. SHT is an appropriate instrument to 
determine maize hardness (4, 41). Flinty maizes typically have 
longer grinding time and higher ratios of coarse-to-fine particles 
than dent maizes (4). Kirleis and Stroshine (9) reported a high 
correlation between SHT grinding time and Stein breakage tes-
ter (SBT) susceptibility that is considered to be a good measure 
of maize hardness. On the contrary, Dorsey-Redding et al. (31) 
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 and Fox et al. (49) suspected the reliability of SHT grinding time 
due to clogging of the collected particles.
TADD has been used to assess kernel hardness on a variety 
of grains, including maize, sorghum, and wheat (6, 17, 22, 50, 
51). TADD was highly and significantly correlated with other 
compositional and physical properties averaged across labora-
tories (Table 3), including pycnometer density (r = 0.613, p < 
0.01), time-to-grind (r = 0.706, p < 0.01), oil content (r = −0.693, 
p < 0.01), and starch content (r = 0.766, p < 0.01); however, the 
signs and magnitudes of the correlations varied with laborato-
ries (Table 4). These results were related to the low standard 
deviation for repeatability and high standard deviation for re-
producibility for TADD (Table 5).
Differences in maize proximate compositions were signif-
icant among hybrids and laboratories (Table 6). The correla-
tions of chemical compositions with other physical properties 
varied with laboratories (Tables 3 and 4). Oil content was pos-
itively correlated with kernel size distribution, which confirms 
the findings of Pomeranz et al. (41) and Shandera et al. (6). 
Protein content was not significantly correlated with hardness-
associated properties, such as TADD, time-to-grind, and pyc-
nometer density; however, positive correlations among them 
were reported in Manoharkumar et al. (29) and Shandera et 
al. (6). As expected, the negative correlations between starch 
content and protein content averaged over laboratories and 
within an individual laboratory were found. According to the 
Youden ranking test, three outliers were detected in oil con-
tent, one outlier in protein content, and none in starch content. 
Similar ranking scores observed between laboratories may be 
in part ascribed to the use of the common calibration.
Dry-milling. Two laboratories using different dry-milling 
procedures participated in the present study. Therefore, no di-
rect comparison of product yields could be made between lab-
oratories or with previous studies (10, 14, 15, 29, 30, 53). How-
ever, statistical differences in dry-milled products among 
hybrids were found in both laboratories (Table 8). The proce-
dure used by Laboratory 1 was more sensitive to hybrid dif-
ference in differentiating dry-milled products than that by 
Laboratory 2, in which no significant difference in feeds yields 
was found among hybrids; however, total grits yield for each 
hybrid was not significantly different between laboratories 
except for Trisler T-5244_IL. With correlations between grits 
yields, the yield of total grits in Laboratory 1 was negatively 
correlated with germ (r = −0.741, p < 0.01), pericarp (r = −0.695, 
p < 0.01), and fines yields (r = −0.959, p < 0.01) (Table 9). Like-
wise, Laboratory 2 showed a negative correlation of total grits 
yield with meals (r = −0.692, p < 0.01), cones (r = −0.725, p < 
0.01), and feeds (r = −0.466). The result of negative correlation 
between total grits yield and other fractions from both labora-
tories indicates the fact that the more recovery of endosperm 
products coincides with the reduction of endosperm included 
in the other fractions (47). Paulsen and Hill (14) reported that 
the incomplete separation of germ fraction not only lost oil 
yield, but also might increase the risk of high oil contamina-
tion in a grits fraction. The low oil in grits fractions generally 
means low ash in those fractions (53).
Dry-milled product yields were significantly correlated 
with some of compositional and physical properties (Ta-
ble 10). The correlation coefficients greater than r = 0.45 were 
more frequently found in Laboratory 1 than in Laboratory 2. 
In Laboratory 1, total grits yield was highly correlated with 
100-kernel weight (r = 0.64, p < 0.01), pycnometer density (r 
= 0.50, p < 0.05), time-to-grind (r = 0.73, p < 0.01), protein (r = 
0.76, p < 0.01), and starch (r = −0.47, p < 0.05); however, among 
the properties, only pycnometer density and protein content 
were rather highly correlated with total grits yield in Labo-
ratory 2. Protein content appeared to be a better predictor of 
dry-milled product yields in both laboratories. High grit frac-
tion yields and milling evaluation factor (MEF), known as the 
best predictor of dry-milling performance, are generally asso-
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ciated with high density, low breakage susceptibility, low bro-
ken kernels, low stress crack, and low percentage of floaters (4, 
6, 14, 29, 53, 54). Although such studies reported higher corre-
lations between test weight and dry-milled product yields, the 
correlations were weaker and their signs often are opposite in 
the present study. Previous studies (14, 47, 55) reported that 
higher kernel protein content was associated with higher den-
sity and, thus, the greater quantity of dry-milled grits yields. 
This concurs with our finding of the higher correlation of pro-
tein with a total grits yield in both laboratories. Harder maize 
has been associated with higher protein content and kernel 
density and produces higher yields of grits derived from hard 
endosperm than from softer maize, irrespective of stress crack-
ing (5, 9, 52, 56, 57).
Wet-milling. Wet-milled product yields were significantly 
different among laboratories as well as among hybrids as re-
ported in previous works (6, 31, 49, 58-60). A variation be-
tween blind-duplicated samples was relatively small as com-
pared to that caused by hybrid difference within a laboratory. 
Table 11 also suggested the location (environment) effect for 
wet-milled product yields of the same hybrid (Garst 8454 and 
Trisler T-5244) grown at different locations. A hybrid rank for 
wet-milled product yields was not similar for different labora-
tories. For example, Cornbelt C578 showed the lowest starch 
yield in Laboratories 1 and 3 but was ranked second by Labora-
tory 2. This implies that a significant difference in the selection 
of maize hybrids may occur in breeding programs if the final 
decision was made on the basis of the results from one of the 
laboratories. Laboratory 1 had lower standard deviations and 
LSD values than the other two laboratories. Substantially lower 
standard deviations and LSDs have been reported by Labora-
tory 3 with different sample sets than those found in the pres-
ent study. Higher starch yields and lower gluten yields were 
observed in Laboratory 2 as compared to those in the other lab-
oratories. The difference in starch yield and gluten yield among 
laboratories may be ascribed to different procedures and equip-
ment settings in starch−protein separation as well as to opera-
tor’s technique and skill in applying the technique.
The correlation among wet-milled product yields within 
each collaborating laboratory is presented in Table 12. Starch 
yield was negatively correlated with gluten yield in all three 
laboratories. This correlation suggests that an increase of 
starch content in kernels reduces protein content and, thus, 
wet-milled gluten yield; however, the correlation between 
starch yield and gluten yield was not significant in all labora-
tories. Laboratory 3 had the highest and most significant corre-
lation (r = −0.94, p < 0.01) among laboratories. Increased starch 
yield was coupled with decreased fiber yield, which was more 
pronounced in Laboratory 1 (r = −0.76, p < 0.01). The reduced 
starch yield can be partially explained by incomplete fiber sep-
aration during washing. Fiber yield has been reported to be 
positively correlated with the ratio of surface area to mass of 
kernels (46, 62). An inverse relationship was found between 
germ yield and steep solids, which is believed to generate 
from germ of the kernels (60). The correlation was weaker in 
Laboratory 2 than the other two laboratories.
Wet-milled product yields were to some extent associated 
with compositional and physical properties tested in the pres-
ent study (Table 13). A modest correlation of maize quality 
properties with the yield of products from wet-milling found 
in the present study were mostly consistent with several pre-
vious works (6, 26, 32, 39, 42, 49). Starch yield was signif-
icantly correlated with 100-kernel weight (r = –0.82 in Labo-
ratory 1 and r = −0.44 in Laboratory 2), protein (r = −0.74 in 
Laboratory 1 and r = −0.75 in Laboratory 3), and TADD (r =  
−0.72 in Laboratory 2), but not with kernel starch content. The 
negative correlation of kernel hardness-associated proper-
ties, such as protein content and TADD, with starch yield sug-
gests that starch granules bound with more protein matrices 
are not easily recovered during wet-milling of harder kernels, 
which results in high protein content in recovered starch (6, 
49). Higher starch yield and lower gluten yield may also be in-
dicative of high protein levels in the starch. Protein determi-
nations need to be made to assess the qualities of starches ob-
tained. Although protein in starch was not measured in the 
present study, and thus rather weakened the conclusion of re-
producibility in starch yield, one could expect its positive cor-
relation with test weight, pycnometer density, kernel protein 
content, and oil content based on the correlations observed 
in this study as well as previous studies (49, 62). In general, 
hard kernels and high-temperature drying would be expected 
to increase protein content in starch (33, 42, 59, 63) whereas 
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kernel maturity appeared to be an insignificant factor (46). 
The grain starch content was not a good indicator of any wet-
milled product yields, either. Consistently high correlation of 
kernel protein content with starch yield throughout laborato-
ries suggests that protein content might be a better determi-
nant for predicting starch yield than kernel starch content. 
A rather low correlation was found between test weight and 
starch yield, implying that test weight is not a good indicator 
of wet-milling quality. This result is in accordance with pre-
vious works (39, 42, 64). As expected, gluten yield was highly 
correlated with protein content (r = 0.87 in Laboratory 1 and r 
= 0.81 in Laboratory 3) as well as 100-kernel weight (r = –0.82 
in Laboratory 1 and r = −0.50 in Laboratory 2). Measures of 
100-kernel weight were positively correlated with fiber yield 
and negatively with starch yield, which was opposite of the re-
sult of Zehr et al. (32). The sign and magnitude of correlation 
coefficients between 100-kernel weight and gluten yield varied 
with laboratories. Pycnometer density was significantly corre-
lated with steep solids yield in Laboratory 1. Denser kernels 
typically negatively impact wet-milling quality and produce 
more solids in the steeping solution (49). Accordingly, steep 
solids were positively correlated with grain hardness-associ-
ated properties, including time-to-grind (r = 0.72, p < 0.01 in 
Laboratory 1), TADD (r = 0.48, p < 0.05 in Laboratory 2), and 
protein content (r = 0.45, p < 0.05 in Laboratory 3).
There is a need to develop rapid and reliable maize qual-
ity properties to adequately predict wet-milling quality and to 
understand such relationships for the selection of maize hy-
brids with the best suitability for wet-milling; however, the re-
sults of dissimilar hybrid rank of wet-milled product means 
for different laboratories and laboratory-dependent correla-
tions among maize quality properties and product yields high-
lights the challenges in meeting this objective. Several pilot 
and laboratory wet-milling procedures have been successfully 
developed to effectively evaluate wet millability (25, 58, 61, 65-
68); however, such procedures are constrained by time and 
cost when rapid and accurate decisions need to be made at the 
time of selling and buying grain for wet-milling. The results 
obtained from this corroborative study on wet-milling suggest 
the need for a new understanding of maize quality properties 
concerning a better consistency, reproducibility, and sensitiv-
ity for wet-milling characteristics, which would provide useful 
information about a specific hybrid’s potential in wet-milling.
In conclusion, the low standard deviations of within-labo-
ratory repeatability and between-laboratory reproducibility 
obtained from this corroborative study are likely to verify the 
suitability and reliability of the procedures to measure maize 
quality properties that are currently used in most grain quality 
laboratories. Large variation in maize quality properties came 
from the effects of hybrids and laboratories. The present study 
may ensure the hybrid effect as a greater source of variation 
in maize quality and milling properties if variation between 
laboratories and other sources of the variation, including in-
adequate standardization, complexity of the procedure, kernel 
storability, and physical conditions, are effectively controlled. 
This alludes to the large impact of hybrid selection by end-us-
ers during breeding programs. The inconsistent and irrepro-
ducible test results between previous studies might be largely 
attributed to the effects of hybrids and laboratories as well as 
other uncontrollable factors. For that reason, the recommenda-
tion of one test over another predicting end-use characteristics 
are somewhat suspect. With ongoing efforts to find inherit-
able, relevant, and consistent criteria for end-use performance, 
researchers, hybrid seed companies, and milling industries 
should collaborate to improve the procedures and carefully in-
terpret the results to prevent detrimental effects on breeding 
programs and the grain industry.
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